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ABSTRACT

The National Aeronautics and Space Administrc icn’s
(NASA’S) New Millennium Program (NMP)is drsigred to
reduce the cost of spacecraft in the 21t centiry while
simultaneously increasing spacecraft capabilities, the rehy
increasing the return on our investment in space e lonu.
tion. The NMP process is being enacted in the following
manner: We are developing a science vision for the 21t
century and identifying the attendant missiorns o this
vision. These missions, in turn, will specify the capab it ¢s
that future spacecraft vequire. Technology-vulid ifion
Jlights will be selected to demonstrate specific high pey-off
technologies needed to provide these capabilitics. ' hese
key technologies are calegorized by cerlainareas - oniio-
nomy, microelectronics, communications, and s« ¢ -
and will be flight validated prior to the Z1st century in
order to enable our vision for the next century. Jo that
end, and keeping in mind our science vision, the techoln
gies will primarily be those that allow us to reduce the size
of spacecraft instruments, and in turn the size of the
spacecraft itself, so that smaller launch vehicles ceni be
employed. Also, these technologies will provide for an
tonomous spacecraft capability and shorier mission | ight
times so that the ground operations staff for future sy
missions can be reduced, thus bringing down costs ir thic
area as well. This paper presents specific exampl < of

these key technologies and their pay-offs.
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TICHNOLOGYINVESTMENT

TheNational Aeronautics and Space Administration
(NASA) has taken a hold and far-sighted step to
seriously investinrevolutionary technology for the
future with its New Millennium Program (NMP). In
today’s fiscal envirorment, where government funds
arc so constrained and the politicaland public focus
is on cur bing government spending, it is difficult 10
convince the guardians ol the treasury 10 invest in
buildingatechnological infrastructure forthe country’s
space programthatmay not pay off for 1(1 to 15 years.
‘1 his sitwation isfurthercomplicated in [hat the soci-
etal benelits interins of return on investment for a
techinology arc extremely difficult to evaluate. in gen-
eral, one can estimate the relative value of one technol -
ogy by comparing it to another, particularly in a very
cosehyrelated discipline. nut comparing the value of,
say, one computer technology to another is a much
easicrtask than comparing it to the value of a welfare.
program or a similar social investment.

Thefuture well-being of the country liesin the strength
of bothitsindustrialand technological infrastructure
andinits social programs, and there isaneed to invest
wiscly in both. But the balance to be reached in
deciding how muchmoney tospendoncach is always
dilficult. While both ar cto be considered  investments
inthe future, we are more aware of and affected by the
shortcomings of socia programs in oureveryday lives.
The deficiencies in technological infrastructure, how-
ever, arc only appatent on an international level,
whe e the United States must compete with other
countnies in the global cconomic market.

The purpose of the NM}Yis (o0 demonstrate and vali-
datc revolutionary technologies — in aseries of flights
that will be launched annually starling in 1998- to
cnableancwerainspace llight. These technologiesare
expectedtolay the groundwork and he]p build the




technological in frastructure for NASA’S spaccoxplo-
ration and liarth observation missions in the 2 1 <t
century. The vision articulated by NMP 15 one of
frequent launches of spacecraft that are considaably
more capable and less expensive than those of hday.

in addition to the fact that the value of anew techinol
ogy is hardto measure, the value of demonst lii ing, a
space. technology through flight validationi<alighly
debated issue. While it maybe the most expenisiviveay
to test atechnology to set that it works andisieadyto
be incorporated into science missions, [lightvalida-
tion is also the most comprehensive and thorough
means of testing the technology *sstate of develop nent
and level of readiness. On the otherhanid, meny
features of new technologies may be adequately dam:
onstrated and tested on the.ground, bothfunction:1ly
and environmentally, so the cost valuc of spacellipht
demonstrat ion isoften difficult 10 assc .

In other technology-validation progiams, tec hnolo
gies are selected for flight validation by evaluating the
technology’s state of development, and constocr g,
whether spaceflight validationis neededtafurthet he
technology along its development path. “1 he deision
for sclectingatechnology is often made withoutadiar
understanding of its relevance formissionapplica:
tion, and the process seems to be onic of asolution
looking for a problem. With NMP, this situation s
avoided inthe following manner: We havefirsta: -
latecd NASA’s vision for 21st-century missions thon
specified the capabilities nceded 10 execute thatvie
sion, and finally, arc selecting technologics tha:will
provide the capabilities and, in turn, cnable the sore
ence vision (Figure 1). in this way, the technologics
we sclectarcasolutiontothe problem. Tnotherv ords,
they arc problem- driven technologies. So,w LideN MP
is considered a technology program,itisinrelityz
science technology needs- driven prograin

SCIENCE VISION FORTHE 21 S-1 (“I NIURY

The science vision for the 21st century locus s on
NASA’s Farth and space science programineelsIn
this context, these cardinal points arcidentific.|

- Afleet of individual spacecraftto extendouriange
of targets

- Constellationsto study dynamic systcois ancdipio
vide global coverage

- New measurement techniques to extend ourscin
tific horizons

‘1 he science visioninicludes networks of landers sent
to Mars and Venus, clusters of probes mapping plan-
ctary ionospheres and magnetospheres, and space-
craltreturning samples fromasteroids and comets.
We also envision fleets of spacecraft exploring diver-
sity ol targets such as Pluto and the heliopause, and
beyond. Constellat ions and networks of spacecralt
willaddress dynamic, complex systems. T'or example,
asinglelander canreport on the weather at one spot
on a planct, but a nctwork of landers is needed to
characterize the planet’s dynamic climate. Similarly, a
single seismometer will indicate a planetquake, but a
network of scismometers can use planetquakes to
measure the size of aplanctary core. We need multiple
spacecraftio go beyond our initial reconnaissance, 10
completely characterize dynamic systems the way we
arcableto on Farth’s surface.

One cxample of ahigh-priority mission to explore the
univer scis afree flying interferometer constellation
that is capable ol imaging extrasolar plancts (Fig-
ure 2). Such a constellation could detect ljarth-like
planctsand provide information (hat would clarify the
originandevolution of planctary systems in general.
Based on a widely spaced constellation of three or
moi e spacecralt with precision formation control, this
mission would require precision pointing and control
of a constellation, rlatlomclcr-scale interspacecraft
melrology, and accurate stationkeeping. Quiet space-
craltstructures, low-thrust propulsion, and low-mass,
high- quality optics arc also needed capabilities to
implcient afreeflyitlg interferometer.

Cometsample-returnmissions form another category
of high-priority missions focused on our solar system,
g1ouped withinthe unifying theme of “Our Planctary
Neighbors.” Characterization of the primitive materi-
als of which comets are composed will shed light on
the origin and evolution of the solar system. The
envisioned mission implementation includes the se-
lection of an appropriate landing si(c following an
or bital survey, insitu study, selection and collection
of local samples, andreturn of samples to Larth
through adirectatimospheric entry. “1'0 carry out such
a mission, advances in autonomous  operations, low-
mass structural materials, and high  specific-irnpulse
propulsion will be required. 1 ligh-capability, low-
mass onboard computers and ncw approaches to
sample handling and preservation arc also needed
capabilitics.



FROM THE VISION TOTHECAPABIITY
TO THE TECHNOLOGIES

Increased capability, reduced cost, andincicascl 1ipht
rate will be achieved by using small lzunchivelichs
that are enabled by microspacecraft andmicromis(ra-
ments. It will aso be necessary to have shorier flipht
times and to decrease the size of missions opareticns
stalf through the use of intelligent flight systcm-.

A Roadmap For Microspacecralt Developmant

We couldreduce spacecraft mass and recucecots by
miniaturiz ing spacecraft components. 1lowever, 1'n
jaturization alone would reduce our capabiliti-s o
obtain the science data required 10 fulfillthcvisicn o
the 21st century. Through the infusion 01 r ww e li-
nologies, such as innovative architectwies andl iy
capable microdc.vices, we can develop new conepts
that will actually increase our capabilitics heyond
whatis currently possible, while simultancousy -
ducing mission costs.

Spacecralt Mass Decr case

Because of theimportance of bringing down s.,;, ¢-
craft weight through the NMP, achart illustiaimy how
spacecraft mass has evolved over time was develep:d.
The chart (Figure 3) shows the historical ing coscof
spacecraft mass during the 1 960s, 1 970s, ani} 180,
and the start of decreasing spacecraltmnzssinthlate
1980s and early 1990s. Projections for thel:uire
clearly show arapid decrease in mass, matc o stile
bya dramatic reduction in the size of digital clcciren
ics, and a concurrentinerease in thei cepabilit,

Capable Microspacecraft Flight Avionics

Ncw chip technologies alowing threc-dimensonal
stacking of microelectronics are examples ol aones g
technologics that can significantly reduce theniies
and size of spacecraft subsystems. This newappioch
reduces multiple cards of electronics tosinglechip
stacks and can be applied to some of the missive
spacecraft subsystems, including onboardcon
ing, power, and telecommunications | 11(.enovel]
stacking andinterconnected technologic s cnablonew
integrated computing architectures andautonatcd
design methodologics, promising, reduced design-oxts,
Incomparison to the Mars Pathflinder flight corpat,
this technology reducesthe mass and volure t),” a
faclorof100,wilha 20-fold reductionin pows:, while
enhancing the onboard capability.

Instrument Miniaturization

Small spacecralt require smaller instruments. Orders
ol magnitude reductions in instrument mass and
volume arc anticipatedthrough the infusion of new
miniaturization technologies. A typical instrument
deployed during the “flagship” era is the Microwave
1 imb Sounder carricd by the Upper Atmosphere
Rescarch Satellite, launched in 1991 (Figure 4). At
2 50 kilogranis, it towers over the human in the pic-
tuic In contrast, the Planclary Integrated Camera
Speetrometer, incorporating multiplexed foreoptics,
low-mass composite structures, and advanced focal-
planctechnologics, has amass of only 5 kilograms.

1 merging microclectr omechanical systems (MEMS)
technology promiscs orders of magnitude reduction
insize ofavaricty of instruments for space exploration
and 1 arth observation. Yollowing in the footsteps of
the microelectronics revolution, this technology ex-
tends on-chip capability beyond electronics to in-
cludemechanical and optical capabilities. MEMS tech-
nology enables new classes of microinstruments that
make in situmeasurements a practical aternative to
costly samplereturnfor a variety of analytic measure-
ments of planctary surfaces and atmospheres, as well
as small-body investigations.

1 wtare instruments incorporating MEMS, permitting
on-chipintegration of sensors and electronics, will
redhice some instraments to mere grams in weight, A
concept for a complete free-flying magnetometer,
with onboard power, data processing, and telecom-
munications, envisions a mass of only a 100 grams.
1 he 1ealization of such “spacecraft-on-a-chip” con-
cepis Will enable swarms of free-ffycrs capable of
mapping complex and dynamic systems in space.

Integrated microsensot packagesare also small enough
to be deployed as networks of microlanders and
orbiters offering global planctary coverage. lor ex-
ample, anctwor kK ol microscismometers can provide
informationon global scismometry and could map the
interiorstructure of plancts. Similarly, networks of
micromel corological sensors such as pressure sensors
andhygrometers canbe used to investigate planetary
climate and complex atimospheric  dynamics,

CAPABILITIES

Onc ¢ having identificd in the broadest sense the
techmologiesnecdedto carry out 21sl-century space



missions, it becomes necessary to group therninto
certain key areas and begin their focused des elop
ment. Tothis c.nd, NMP integrated producidevelop
mentteams (JIPDTs) have been formed. “1 he |l P
concept has been highly successfulinprivateinduos
try, and revolves around formationofatean vith
cross- departmental representation withinacompeny
For example, automotive companies have br oogph
together members from their design, sales, mavio e
turing, and strategic planning depai timents I owork
together making concurrent decisionsto defineand
manufacture a fina product.

Though such cross-sectional representation biz . not
traditionally been used 1o develop a product
and sales departments, for instance, have wide)y dil-
fering views of what a customer wants and tiow ity
he's willingto pay -- each department’s individual
input is vital for the success of the productinthe
marketplace. 11'])"]’s provide the mechanismiorgut-
ting the best input and expertise simultznceutly to
in fluence how a product is developed. Thosc compa-
nies that have used I1>1)'I's to manufaciure low o,
reliable, and thus highly desirable products, finid that
their competitive edge in the marketisincreased and
Ihcy arc able Lo operate very effectively.

desn

Onc NMP objective has been to improve thew orking
relationships among government, induostry, and
academia in the development and applicationoficch
nology. NMP is using the concept of IPIY I s iny s sirmilan
manner to that used in private industry, butto bring
together representatives from dilferentseciors o the
country. Just as industry uses IPDTs to incicas its
competitive edge in its particular area of themaikat,
the nation can usc NASA’s NMP 11'1}"1s (o1hicieacils
competitive edge in global space exploration

Inimplementingthisconcept, NMP IPDTs were formea
around six kcy areas of technology:

Autonomy

Microelectronics

Teleccommunications

Instrument Technologies and Architectures

In Situ Instruments and Microclectiomec 1arical
Systems (MEMS)

Modular and Multifunctional Systems(MAMS)

1 1cse teams were then tasked to identify a bioad cuite
of revolutionary technologies and seclectcertain ligh
priority candidates in an initial phase of the techinio!
ogy-selection process; develop aroadmap foriachol

those technologics; bring members from industry,
government,andacademia together within the teams;
spawn furtherparinerships with industry; ; and finally,
deliver the technologies for flight validation.

The 11'1)-1 S were for mied in August- September 1995
andhave been wor king with great success ever since.
1 nitial startup issucs such asmembership, frequency
of mectings, and so on were worked out by the teams
themselves with litde divection from the. Program
Office. The teams are scl(-governing and have proved
highly effective in cart ying out the.ir charge. Iach
1PDThasarepresentative within each of NMP's mis-
sion 1 light 1 eams for those technologies that are
selectedfor validation) on a given flight.

Unlike 1} '1)-] sinprivateindustry, where there is no
contactamong differentteams, a working rule of the
NMI" 1PDTsis thattheie must be interaction among
the teams. Though the 1PDTs focus primarily on their
own scope of tec hnologies, they also interact with
cach other where their technologies arc interdepen-
dent. Tor example, thesoftware concepts that are
developed by the autonomy team must be imple-
mente d and executed on the hardware that comes
from the microclectionics team. Cross-fertiliza tion
among, teams is facilitated through workshops and
roadmapping

‘1here arctwo annual workshops at the program level.
“1he NMP Annual Technology Workshop is conducted
each spring forallinteresiedindividuals from govern-
ment, industry, and academia. At the workshop, the
overall programplan, validation flights, flight results,
and plans for the future dircction of the program are
discussed. Fach 1} "Dl presents the latest version of its
roadmap, as well as its {light plans and flight results t o
date “i his workshop has a large attendance, with
participants [rom theProgram Office, the 11'1)'1's,
industry, government, and academia, The 1PDT Fo-
rumn is the otherannual workshop, conducted in
autumn. Participationin this workshop is limited to
IPDTinembers and some Program Office personnel.
At this workshop, the emphasis is on the [I'l)’]-s
roadmaps and on cross [ertilization of ideas among
the tecams.

MICROELECTRONICS

Thetechnological advances being made in the area of
mictuclectronics will especially enable revolutionary
advances in making [uture spacecralt less expensive




hut mm-c reliable. and capable. Atthe beginnng ol
deep space planctary exploration in the carly1900s,
spacecralt design was implemented withmostyana

log electronics technology and discrete componentis,
resistors, capacitors, and transistors. Tranisist o conrll

ing networksand magnetic coils were the beyinrng of
bulky but fiexible digital clectronicstechnolog the
first programmable memory of 128 word-. i myple-
mented wilh discrete magnetic coils, was flownati the
1969 Mariner mission to Mars.

As time progressed, spacecraft designimplementcd
more and more digital electronics technology, as
shownin'igure 5. Atthe same time, the functionaity
of the system architecture was becoming e daround
specific disciplines, such as communications, pwer,
sequencing, data handling, telemetry, and e ¢l As
system capability was enhanced to meetthe Chal
lenges of a particular mission, the subsystains grewin
complexity, but the basic spacecraftdesiginzr chitee
ture remained essentially unchanged, except | hran
occasional introduction of a new subsystemhe
kinds of new subsystems being introduced, tiowever,
were dictated more by management and porsonnel
needs than by the tlvm-current stale olimplem it
tion technology. in the1970s, astrong cortel:tion
developed between the technology deprarimicntthat
existed in an organization and the subsysicns . 1e-
quired on a spacecraft; that is, if there were personncl
for a particular discipline within an organiization this
necessitated a correspond ing subsysteni o thespace
craft. This cultural interlocking of spacecralt dosyn
with an organization’s staffing considerationsim-
pededthe assimilation of new technology andsy scu
restructuring.

Thus, twoe important changes that woie occurring
simultanco usly in technology were not being cay-ita1-
izedupon. First, functionalimpleme ntation was o

ing from analog electronics to digital clectronic,
Second, digital electronics were becom ing expone

tially denser in terms of devices per chip; specifical v,
the. number of devices per chip was incrcasing by«
factor of a thousand every 10 years, as shown 1
Figure 6. Tor example, the Galileo spaccoraltis:
10,000 chips (integrated circuits [1CsD to perforiell
its digital functionality. With today’s technology, this
functionality can be accomplished on a singlc chip,
and by the 21st century, a hundred times the Galilo o's
functionality could be carried out ona single ¢hij. in
order to take advantage of this explosiorl indiy itul

capability, the spacecraft hardware configuration of
many discrete subsystems has to be collapsed into a
monolithic designin order to achieve a “spacecraft on
achip.”

While the functional capability of spacecraft is dra-
matically increasing, however, the cost is surprisingly
deareasing. Thisissimply because the cost per chipto
the first otderis independent of the devices per chip,
ordensity of the chip. There is a larger initial cost
investmentto setup anew family of 1Cs, but after
1cliable yieldis achievedand the set-up costs amor-
tized, the. unitproduction cost of the. new family is
similarto thelast generation unit cost. In summary,
then, as thenumbcer of device.s per chip increases
exponentially and the cost per chip rises slightly (see
Figure 7), the costperdevice (functionality) decreases
exponentially, as shown in Figure 8. In a comparative
tat¢ sense these trends are notidentical | since the cost
reduction is less thanthe capability increcase when
designcomplexity and verificationare included,
This phenomenon of more devices per chip has been
taking placeinplanetary missions over the past two
decades inkeeping, with the continual pressure to
decrease weightand cost - though functiondity has
still grown, as shownin 1 igure 3. Here we sce that
whilethe spacecraltweight grew to @ maximum in the
Galileo and Cassini eraand then began to decline from
otherpressures, suchasbringing down launch vehicle
cosls, spacecrall capability continued to increase.
Figures 9, 10, and 11 show how the capability per
kilogram of spaccaralt weight ant] digital hardware
weight changed over the same period of time. ‘I’ he bits
perkilogram decreasedto a minimum until serious
steps were taken 1o restructure the spacecraft design
and reducethe nuniber of digital subsystems.

Filty years agotoday, thefirst electronic computer -
the Electronic Numerical Integrator and Computer
(ENIAC)-- was unveiled at the Universi ty of Pennsyl-
vania. It weighed 30 tons, occupied the space of a
stnall h ouse, and dimmed the lights of Philadclphia
whemitwas operating, Today’s handheld calculators
arc more power [ul, oncand ahall million times
cheaper, twent y thousand times smal and use. ten
thousand times less power. By the 21st century, one
desk-top computer will have the capability of all those
inSilicon V-alley today. A spacecraft on achipisnot a
concepl, it isa reality asking to be implement ed.




Figure 1 NMP Prograry Process

Figure 2. bxtrasolar Planetary Iimaging



Figure 3. Spacceralt Dry Mass vs, Time

Figure 4. Instrament Miniaturization




Figure S. Digital Electronics Technology Figure 6. Growth in
Used in Spacecraft (“hip Complexity
Figure 7. Cost per Chip 1igwre 8 Cost per Bit

Over Time OverlTime




Figure 9. Spacocralt Capability
vs. Digital Hardware Mass Over Time

Figure 10.Spacecralt Capability Figure 17.Spacecraft Capability vs.
vs. Spacecraft Mass Ovei Time Digital Hardware Mass Over Time
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